Human cytomegalovirus (HCMV) is the most frequent viral cause of congenital defects and HCMV infection in immunocompromised patients may trigger devastating disease. Cytotoxic lymphocytes control HCMV by releasing granzymes towards virus-infected cells. In mice, granzyme M (GrM) has a physiological role in controlling murine CMV infection. However, the underlying mechanism remains poorly understood. In this study, we showed that human GrM was expressed by HCMV-specific CD8 þ T cells both in latently infected healthy individuals and in transplant patients during primary HCMV infection. We identified host cell heterogeneous nuclear ribonucleoprotein K (hnRNP K) as a physiological GrM substrate. GrM most efficiently cleaved hnRNP K in the presence of RNA at multiple sites, thereby likely destroying hnRNP K function. Host cell hnRNP K was essential for HCMV replication not only by promoting viability of HCMV-infected cells but predominantly by regulating viral immediate-early 2 (IE2) protein levels. Furthermore, hnRNP K interacted with IE2 mRNA. Finally, GrM decreased IE2 protein expression in HCMV-infected cells. Our data suggest that targeting of hnRNP K by GrM contributes to the mechanism by which cytotoxic lymphocytes inhibit HCMV replication. This is the first evidence that cytotoxic lymphocytes target host cell proteins to control HCMV infections.
Human cytomegalovirus (HCMV) is a widespread b-herpesvirus that infects the majority of the population. 1, 2 It is the most frequent viral cause of congenital defects.
1,2 Primary HCMV infection induces a lifelong latent infection in cells of the myeloid lineage with asymptomatic episodes of viral replication, which is controlled by a vigorous immune response. In the absence of an adequate immune response, however, HCMV can cause invasive disease with end-organ failure, morbidity, and mortality, for example, after allogeneic stem cell or solid organ transplantation, or in HIV-infected patients.
1,2 Treatment of HCMV infection is an urgent clinical problem. Vaccines against HCMV are not available and treatment by antiviral drugs has not definitively proven efficient to improve overall survival due to toxicity of antiviral agents and continual appearance of drug-resistant viruses. 2 Cellular anti-HCMV immunotherapy is now emerging as a promising alternative approach. 3 Understanding the mechanism by which our immune system counteracts HCMV infections could provide new possibilities for the development of novel (immuno)therapeutic antiviral strategies.
HCMV is the largest and most complex member of the human herpesvirus family. Activation of the HCMV major immediate-early promotor (MIEP) is central in controlling the lytic phase and essential for HCMV reactivation. During productive infection, the HCMV genome is expressed in a temporally coordinated cascade of transcriptional events that leads to the expression of immediate-early (IE), early, and late viral proteins. 4 
HCMV infection is controlled by cytotoxic lymphocytes, that is, antigen-specific CD8
þ and CD4 þ abT cells, gdT cells, and NK cells. 2, 5, 6 Cytotoxic lymphocytes produce interferon-g to block HCMV replication, but most importantly release cytotoxic granules towards infected host cells. [7] [8] [9] [10] These granules contain the pore-forming protein perforin and a family of structurally homologous serine proteases called granzymes. While perforin facilitates entry of granzymes into infected cells, granzymes are believed to be the death executors during the antiviral immune response. In humans, five granzymes exist (GrA, GrB, GrH, GrK, and GrM) that display distinct proteolytic substrate specificities. 11 Although all five human granzymes are able to induce cell death, evidence is emerging that granzymes also use noncytotoxic strategies to control virus replication. [12] [13] [14] [15] [16] [17] In mice, GrM has been shown to be important for murine cytomegalovirus (MCMV) clearance. 18 We have recently discovered that human GrM can efficiently inhibit HCMV replication in vitro in the absence of host cell death. 17 GrM efficiently cleaves HCMV phosphoprotein 71 (pp71) and completely abolishes its function to transactivate the MIEP, study, we addressed the possibility that GrM targets host cell proteins that HCMV hijacks for its own replication. We demonstrate that human GrM cleaves host cell protein heterogeneous nuclear ribonucleoprotein K (hnRNP K) that is essential for IE2 protein translation and HCMV replication. This may provide a novel mechanism by which cytotoxic lymphocytes mediate direct anti-HCMV activity.
Results
GrM is expressed in HCMV-specific CD8 þ T cells. GrM knockout mice are more susceptible to MCMV infections, indicating a role of GrM in CMV clearance at least in mice. 18 If GrM has a major role in controlling HCMV infections in humans, one would expect that GrM is present in HCMVspecific cytotoxic lymphocytes. Therefore, we analyzed GrM expression in CD8 þ T cells of healthy human HCMV-seropositive individuals as well as in seronegative renal transplant recipients receiving a kidney from an HCMV-seropositive donor, followed by primary HCMV infections. First, pp65-and IE1-tetramer-specific CD8 þ T cells -comprising both CD27
À effector and CD27 þ CD45RA À memory phenotypes -of a healthy HCMVseropositive individual were analyzed (Figure 1a ). Both pp65-and IE1-tetramer-specific CD8 þ T cells expressed increased levels of GrM as compared with naive CD8 þ T cells (Figure 1b) . A similar increase of GrM levels was observed in pp65-specific CD8 þ T cells from a second HCMV-seropositive (latently infected) healthy individual (Supplementary Figure 1) . Increased GrM protein levels were not restricted to HCMV-specific CD8 þ T cells, as EBVand influenza-specific CD8 þ T cells also contained higher GrM protein levels (Supplementary Figure 1) . Second, GrM protein expression was analyzed longitudinally in HCMVspecific CD8 þ T cells from an HCMV-seronegative renal transplant recipient of an HCMV-seropositive donor, who experienced a primary HCMV infection (Figure 1c ). IE1-specific effector CD8 þ T cells appeared around the peak of the viral load and expressed increased levels of GrM as compared with naive CD8 þ T cells. After cessation of the viral load, there was an increase in the percentage of CD8 þ
CD27
À T cells within the IE1-specific CD8 þ T-cell compartment, which also coincided with an increase in GrM expression in these cells as compared with the naive CD8 þ T-cell pool. The percentage of circulating GrMexpressing IE1-specific CD8 þ CD27 À T cells reached a peak after 1 year post-transplantation and these cells were maintained for at least 5 years. Maintenance of CD8 þ
À T cells, known as vigilant resting effector cells, is characteristic for latent HCMV infections. 6, 20 Identical results were obtained when pp65-specific CD8 þ T cells were analyzed longitudinally in a second renal transplant patient (Supplementary Figure 2) . Collectively, these data indicate for the first time that HCMV-reactive CD8 þ T cells not only express GrM but also show elevated levels of GrM as compared with naive CD8 þ T cells, both in HCMVseropositive healthy individuals and in the peripheral blood of seronegative renal transplant recipients in response to primary HCMV infection. Furthermore, GrM-positive HCMVreactive CD8 þ T cells are maintained in the blood during latency. This supports the concept of an active antiviral role of GrM in HCMV infection and HCMV reactivation in humans.
GrM targets host cell protein hnRNP K. To investigate the mechanism by which GrM inhibits HCMV replication, we addressed the possibility that GrM targets host cell proteins that are required for efficient HCMV replication. Recently, we have employed multiple proteomic approaches to identify potential macromolecular cellular substrates of GrM. 21 Both gel-based (2D-DIGE) (Figure 2a ) and complementary positional (cofradic) proteomics have identified hnRNP K as a potential GrM substrate. 21 We focused on hnRNP K because it has been shown to have a role in herpes simplex virus-1 (HSV-1) and hepatitis B virus replication. 22, 23 To validate hnRNP K cleavage by GrM, cell lysates were incubated with increasing concentrations of GrM or catalytically inactive control GrM-SA. Cleavage of hnRNP K by GrM was apparent with a decrease of full-length hnRNP K (B62 kDa) and the appearance of a clear B45 kDa cleavage product and several smaller cleavage fragments, using an antibody directed against the mid-region of hnRNP K (Figure 2b ). GrM also cleaved purified recombinant His-hnRNP K with the appearance of the B45 kDa fragment (Figure 2c) Figure 2d) . Second, the hnRNP K L125A/L133A/M359A triple mutant still showed accumulation of the N-terminal B45 kDa cleavage fragment, indicating at least one additional GrM cleavage site in close proximity to Met 359 ( Figure 2e ). Thus, hnRNP K proteolysis by GrM is complex in that GrM cleaves hnRNP K after at least five independent sites that are clustered in two apparent proteolysis-sensitive hot spots ( Figure 2d ). Next, human foreskin fibroblasts (HFFs) were incubated with purified GrM or GrM-SA in the presence or absence of perforin-analog streptolysin O (SLO). Whereas hnRNP K remained unaffected in all control settings, it was cleaved when cells were incubated with both GrM and SLO with the concomitant appearance of at least the B45 kDa hnRNP K cleavage fragment (Figure 2f ). GrM induced minor cell death in HFFs (Figure 2g ), which was not affected by the RNA promotes GrM-mediated cleavage of hnRNP K. Cleavage of hnRNP K by GrM was more efficient in cell Figure 2 GrM cleaves host cell protein hnRNP K. (a) HeLa cell lysates were incubated with GrM (1 mM) or GrM-SA (1 mM) for 1 h at 371C and then subjected to 2D-DIGE. A representative protein spot that is identified by mass spectrometry as a cleavage fragment of hnRNP K is depicted. (b) Jurkat lysates (5 mg) were incubated with increasing concentrations of GrM or GrM-SA (300 nM) for 4 h at 371C and immunoblotted for hnRNP K. (c) Purified His-hnRNP K (1.5 mg) was incubated with increasing concentrations of GrM or GrM-SA (300 nM) for 16 h at 371C and subjected to SDS-PAGE. Proteins were stained with InstantBlue. (d) Schematic overview of GrM cleavage sites within hnRNP K (NLS, nuclear localization signal; KH, K homology domain; KI, K interactive region; KNS, K nuclear shuttling signal; RGG, arginine-glycine-glycine). (e) HeLa cells were transfected with His-tagged hnRNP K wild-type (wt) or mutant expression plasmids and lysed 2 days post-transfection. Expression of recombinant proteins was determined by subjecting untreated lysates to immunoblotting using anti-6 Â His antibody (bottom panel). Lysates were incubated with 300 nM GrM or left untreated for 4 h at 371C and immunoblotted using anti-6 Â His antibody (upper panel) (NS, nonspecific). (f) HFFs were incubated with GrM (2.8 mM) or GrM-SA (2.8 mM) in the presence or absence of SLO (2 mg/ml) for 16 h at 371C. Lysates were immunoblotted for hnRNP K. (g) HFFs were incubated with GrM (1 mM), GrM-SA (1 mM), GrB (100 nM), or left untreated in the presence or absence of SLO (1 mg/ml) with or without zVAD-fmk (100 mM) for 16 h at 371C. Cell viability was assessed by staining cells with annexin-V-FLUOS (fluorescein) and PI followed by flow cytometry analysis. Annexin-V and PI double-negative cells were considered to be viable. Bars represent the mean ± S.D. of three independent experiments. (h) HFFs were incubated with GrM (1 mM), GrM-SA (1 mM), GrB (100 nM), or left untreated in the presence or absence of SLO (1 mg/ml) with or without zVAD-fmk (100 mM) for 16 h at 371C. Cells were lysed and immunoblotted using antibodies against active caspase-3 (D175). (i) HFFs were challenged with increasing effector:target (E:T) ratios of LAK cells for 4 h at 371C. Lysates were subjected to immunoblotting using hnRNP K antibodies. Data depicted are representative of at least two independent experiments lysates ( Figure 2b ) as compared with recombinant purified hnRNP K (Figure 2c ), suggesting that cellular factors contribute to this proteolysis. Because hnRNP K is an RNA-interacting protein, 24, 25 the effects of RNA on GrMmediated hnRNP K cleavage were examined. Cell lysates were preincubated with or without RNase, followed by GrM treatment. Immunoblot analysis showed that hnRNP K was less efficiently cleaved by GrM when lysates were preincubated with RNase, whereas RNase had no effect on the cleavage of GrM substrate a-tubulin (Figure 3a) . RNase did not affect the proteolytic activity of GrM itself as determined by the small synthetic chromogenic substrate AAPL-pNA (data not shown). Consistent with this finding, purified HishnRNP K was more efficiently cleaved by GrM when preincubated with RNA ( Figure 3b ). These data suggest that GrM cleaves hnRNP K more efficiently in its functional RNA-bound conformation.
HnRNP K is required for efficient HCMV replication. The role of hnRNP K during HCMV replication is unknown. To investigate this, we downregulated hnRNP K protein levels in HFFs (Figure 4a ), infected these cells with HCMV, and viral replication was kinetically determined by quantifying HCMV viral load in supernatants. The viral load was 10-to 17-fold decreased in hnRNP K-deficient HFFs as compared with control HFFs (Figure 4b ), indicating that hnRNP K is required for efficient HCMV replication. This dramatic decrease in viral load in hnRNP K-deficient HFFs was accompanied with a Figure 3 GrM cleaves hnRNP K more efficiently in the presence of RNA. (a) Jurkat cell lysates were pretreated with RNase (100 mg/ml) or left untreated for 30 min at 371C, followed by incubations with increasing concentrations of GrM or GrM-SA (300 nM) for 4 h at 371C and immunoblotted for hnRNP K or a-tubulin (upper panel). Band intensities were quantified and depicted in graphs (lower panel). (b) Purified His-hnRNP K (1.5 mg) was pretreated with RNA (100 ng) or left untreated, followed by incubations with increasing concentrations of GrM or GrM-SA (300 nM) for 16 h at 371C. Samples were subjected to SDS-PAGE and gels were stained with InstantBlue (upper panel). Band intensities were quantified and depicted in graphs (lower panel). Data depicted are representative of at least two independent experiments slow decrease in cell viability (up to two-to threefold) (Figure 4c ). Quite remarkable is the observation that cell viability is only decreased in HCMV-infected cells but not in uninfected hnRNP K-deficient cells, suggesting that hnRNP K is important in coping with cell survival after stress induced by HCMV infection. As there is a linear correlation between the number of cells and viral load (Figure 4d ), the observed two-to threefold decrease in cell viability does not explain the major decrease in viral load (10-to 17-fold) when hnRNP K protein levels are downregulated. These data indicate that hnRNP K is required for efficient HCMV replication, predominantly in a host cell death-independent manner.
HnRNP K regulates IE2 translation. The temporally controlled expression of HCMV proteins during viral replication allows us to determine at which stage of the HCMV viral life cycle hnRNP K is involved. Lysates of HCMV-infected hnRNP K-deficient and control HFFs were immunoblotted for several HCMV proteins. Interestingly, the 86 kDa IE2 but not the 72 kDa IE1 protein level was dramatically reduced in HCMV-infected HFFs when hnRNP K was downregulated (Figure 5a ). Furthermore, a slight if any reduction in early HCMV proteins pp65 and pp71, as well as a dramatic reduction of the late HCMV protein pp28, were observed in hnRNP K-deficient HFFs. However, these latter effects likely are the functional consequence of decreased IE2 protein levels. These data indicate that hnRNP K has a dominant role during the initial IE phase of HCMV replication by regulating IE2 but not IE1 protein expression.
In view of the importance of IE2 as an absolutely indispensable protein in HCMV replication, 26, 27 we further examined the mechanism by which hnRNP K regulates IE2 protein levels. First, we investigated the transcriptional activity of hnRNP K towards the MIEP, which regulates IE2 gene (UL122) expression. In contrast to control pp71, no transcriptional activity of hnRNP K towards the MIEP was detected in a luciferase MIEP reporter assay (Figure 5b ). In line with this observation, IE2 mRNA levels were similar between hnRNP K-deficient and control HFFs after HCMV infection at 8 (Figure 5c 28, 29 Protein levels of all three IE2 protein variants were decreased when hnRNP K was downregulated (Figure 5d ), further suggesting that hnRNP K regulates IE2 protein levels at the post-transcriptional level. Third, we investigated whether hnRNP K is required for IE2 protein stability by using the chemical compound MG132, a proteasome inhibitor that does not affect IE gene expression.
30 MG132 failed to restore IE2 protein levels in HCMV-infected hnRNP K-deficient HFFs (Figure 5e ), indicating that hnRNP K does not protect IE2 protein from proteasomal degradation. Finally, as hnRNP K is an RNA-binding protein, we addressed the possibility that hnRNP K interacts with IE2 mRNA. Purified His-tagged hnRNP K or unrelated control His-b-tubulin was incubated with lysates of HCMV-infected HFFs followed by pull-down of His-tagged proteins (inset of Figure 5f ). Interestingly, hnRNP K pull-down resulted in a clear enrichment of IE2 mRNA, whereas no enrichment was observed for viral mRNAs IE1 and UL54 and host cell mRNA glyceraldehyde 3-phosphate dehydrogenase (GAPDH), or when His-b-tubulin was used (Figure 5f ). These data suggest that hnRNP K specifically binds to IE2 mRNA, pointing to a role of hnRNP K during IE2 translation.
GrM reduces IE2 protein expression during HCMV infection. The diverse functions of hnRNP K require both nuclear and cytoplasmic localization and bidirectional shuttling. Viruses can enrich hnRNP K in a specific subcellular compartment in favor of the replication of the virus. 22, 31 In uninfected HFFs, hnRNP K was predominantly localized in the cytoplasm (Figure 6a , upper panels). After infection with HCMV, HFFs showed typical rounded morphology and hnRNP K predominantly remained cytoplasmic (Figure 6a, bottom panels) . Thus, during HCMV infection hnRNP K is located at the site where IE2 mRNA translation occurs. Previously, we demonstrated that GrM can inhibit HCMV replication independent of host cell death. 17 Our findings that GrM cleaved hnRNP K (Figure 2) , that hnRNP K interacted with IE2 mRNA (Figure 5g ), and that hnRNP K downregulation dramatically reduced IE2 protein expression during HCMV infection (Figure 5a ) prompted us to investigate whether GrM-treatment of HCMV-infected fibroblasts affects IE2 protein expression. Indeed, immunoblot analysis showed a clear decrease in IE2 protein levels when HCMVinfected fibroblasts were treated with GrM/SLO as compared 
Discussion
The granule exocytosis pathway is a crucial mechanism that cytotoxic lymphocytes use to control virus infections. The physiological importance of GrM as an antiviral mediator has been demonstrated in GrM-deficient mice, which are more susceptible to MCMV infections. 18 However, both murine GrM and MCMV have been largely diverged from their human counterparts, 1, 21 emphasizing that caution is essential when extrapolating data from mice to humans. In this study, we demonstrated for the first time that human GrM is expressed in HCMV-specific CD8 þ T cells after primary infection and during latency (Figure 1 ). HCMV-specific CD8 þ CD27 À T cells, the so-called vigilant resting effector T cells, are proposed to act in response to reactivation and to maintain Figure 5 HnRNP K regulates IE2 protein expression. (a) HFFs were transduced with hnRNP K-specific or control shRNA, infected with HCMV, and lysed at different time points. Lysates were subjected to immunoblotting using antibodies against IE1/2, pp71, pp65, pp28, hnRNP K, and a-tubulin. (b) HeLa cells were co-transfected with pGL3-SV40 (50 ng), pRL-CMV (10 ng), complemented with pCGN-71 vector (1 mg) or pSG5-His-hnRNP K, and pcDNA3.1 þ vector (1 mg total DNA). Cells were lysed at 48 h posttransfection, and luciferase activity was assessed. Relative luciferase activity is represented as fold CMV promoter (MIEP) induction. Lysates used in the luciferase reporter assay were subjected to immunoblotting using an anti-pp71 or anti-6 Â His antibody. (c) HCMV-infected hnRNP K-deficient and control HFFs were lysed at 8 h.p.i. and mRNA was isolated and subjected to RT-PCR and quantitative PCR using IE2 and GAPDH specific primers and probes. Relative IE2 mRNA levels were normalized for GAPDH mRNA levels and the mean from control cells was set at 1. (d) HCMV-infected transduced HFFs were lysed at different time points and immunoblotted for the C terminus of IE2 or a-tubulin. (e) HCMV-infected hnRNP K-deficient and control HFFs were treated with MG132 (250 nM) or left untreated at 48 h.p.i. and lysed at 72 h.p.i. Lysates were subjected to immunoblotting using antibodies against IE2, hnRNP K, a-tubulin, and ubiquitin. Data depicted are representative of triplicate experiments. (f) HCMV-infected HFFs were lysed at 72 h.p.i. and incubated with His-hnRNP K or His-b-tubulin as a negative control for 16 h at 41C. Immunoprecipitation of His-tagged proteins was followed by isolation of mRNA, RT-PCR, and quantitative PCR using specific primers and probes against UL123 (IE1), UL122 (IE2), UL54, and GAPDH. The mean mRNA levels from His-b-tubulin control samples for each mRNA were set to 1 and all samples were normalized for GAPDH mRNA levels. Bars represent the mean±S.D. of triplicates. (Inset) Samples after immunoprecipitation were subjected to immunoblotting using anti-6 Â His antibody HCMV latency. 6, 20 Interestingly, accumulation of these vigilant resting effector cells after primary HCMV infection coincided with increased GrM protein expression in these HCMV-specific CD8 þ T cells (Figure 1 ). This supports a model in which GrM actively mediates an antiviral function in HCMV infections in vivo. In this study, we demonstrated that GrM cleaved hnRNP K and that hnRNP K was required for efficient HCMV replication by promoting cell viability in virusinfected cells and more importantly by regulating IE2 protein expression (Figures 2-5) . This provides the first evidence that GrM targets a host cell protein that is hijacked by HCMV and that is critical for its replication. Apart from HCMV, GrM protein levels were also elevated in EBV-and influenza-specific CD8 þ T cells (Supplementary Figure 1) , pointing to an antiviral role of GrM in a broad range of viral infections.
A previous study has shown that hnRNP K is important for the egress of HSV-1. 22 In HCMV infection, however, hnRNP K appears to have a different role. Knockdown of hnRNP K not only limited HCMV replication but also decreased cell viability in HCMV-infected but not in uninfected fibroblasts (Figure 4) . The latter finding suggests that hnRNP K is required for cell survival only following HCMV infection. However, host cell death only partly explains the dramatic reduction in HCMV replication in hnRNP K-deficient fibroblasts. More importantly, decreased viral load was accompanied with markedly reduced IE2 but not IE1 protein levels in hnRNP K-deficient HCMV-infected fibroblasts ( Figure 5 ). IE2 is absolutely indispensable for HCMV replication.
26,27 Therefore, we explored how hnRNP K regulates IE2 protein levels. As a multifunctional protein, hnRNP K is involved in many biological processes, including transcription, mRNA splicing, translation, and protein signaling. 24 The decrease of IE2 protein levels in hnRNP K-deficient fibroblasts is most likely the result of decreased IE2 mRNA translation, because hnRNP K did not affect transcription of the IE2-encoding gene nor IE2 mRNA and protein stability, but rather bound IE2 mRNA ( Figure 5 ). This is compatible with the previous observation that hnRNP K binds to and thereby regulates translation of the mRNA of cytoskeleton genes and myelin basic protein. 32, 33 Binding of hnRNP K to RNA is mediated by three KH domains within hnRNP K that act synergistically to provide both high-affinity binding and specificity (Figure 2) . 24, 25 Hence, loss of only a single KH domain dramatically reduces the RNA binding capacity of hnRNP K. 25 GrM cleaved hnRNP K at least at five independent sites, including Leu 125 , Leu 133 , and Met
359
, that are located in two apparent proteolysissensitive hot spots, thereby dissecting the functional KH domains (Figure 2 ). This strongly suggests that GrM abrogates the ability of hnRNP K to bind to IE2 mRNA, resulting in reduced IE2 protein expression and reduced HCMV replication. It should be mentioned that hnRNP K was more efficiently cleaved by GrM in the presence of RNA (Figure 3 ). This suggests that the conformational change of hnRNP K after binding to RNA allows for efficient proteolysis by GrM or that RNA facilitates the interaction between hnRNP K and GrM. In this model, the functional interaction between hnRNP K protein and IE2 mRNA promotes the antiviral activity of GrM to cleave hnRNP K.
Previously, we have demonstrated that GrM cleaves and inactivates the HCMV tegument protein pp71, 17 which is essential for IE protein expression and effective HCMV replication. 19 In this study, we demonstrated that GrM also targets a host cell substrate (hnRNP K) that has a major role in HCMV replication and is necessary for efficient IE2 protein expression (Figures 5 and 6) . Apparently, cytotoxic lymphocytes and GrM target the initial IE machinery that HCMV requires for both lytic replication and reactivation from latency. As viruses highly depend on the transcription/translation machinery of the host cell, it could be possible that other hnRNPs also have a role in viral infections and are also cleaved by GrM. Indeed, several proteomic screens have identified hnRNP A1, A2/B1, C1/C2, E1, M, and U as potential GrM substrates. 21, 34 Interestingly, many members of the hnRNP protein family have also been identified as potential substrates of other granzymes than GrM. [35] [36] [37] [38] Further studies It remains an intriguing question why GrM targets viral pp71 17 and host cell hnRNP K to attack the initial IE events of HCMV replication rather than just killing HCMV-infected cells. Consistent with our findings, IE1-and pp65-specific CD4 þ T cells and CD8 þ T cells can recognize and kill IE1 and pp65 peptide-loaded target cells, but fail to induce cell death in HCMV-infected target cells after recognition and degranulation, whereas HCMV replication is efficiently inhibited 39, 40 (Dr. MR Wills, personal communication (Department of Medicine, University of Cambridge, Cambridge, UK)). This apparently noncytotoxic mechanism to block HCMV replication might be an important pathway to prevent HCMV reactivation from latency and to preserve latently-infected CD34 þ hematopoietic progenitor cells. This model is compatible with the recent finding that antigen-specific CD8 þ T cells recognize HSV-1 latently infected ganglion cells, release GrB towards these cells, and inhibit HSV-1 reactivation without inducing cell death. 13 Materials and Methods Subjects. Two healthy HCMV-seropositive volunteers (HLA-B7 þ , HLA-B8 þ , and/or HLA-A2 þ ) and two HCMV-seronegative renal transplant recipients who received a kidney from an HCMV-seropositive donor (HLA-B8 þ and HLA-A2 þ ) were included in this study. Both patients received immunosuppressive therapy (consisting of CD25mAb induction therapy, followed by prednisolone, mycophenolate mofetil, and tacrolimus), experienced primary HCMV infection, and had no acute cellular rejection episodes. Patients gave written informed consent, and the study was approved by the medical ethics committee of the Academic Medical Center (Amsterdam, The Netherlands). Peripheral blood mononuclear cells (PBMCs) were isolated from heparinized blood and subsequently cryopreserved until flow cytometry analysis. HCMV viral load was determined in EDTA-treated blood by quantitative PCR.
Flow cytometry stainings. PBMCs were washed in phosphate-buffered saline (PBS) containing 0.01% NaN 3 and 0.5% bovine serum albumin. PBMCs (2 Â 10 6 2D-DIGE. 2D-DIGE was performed as described previously. 21 Briefly, cell-free protein extracts of HeLa cells (100 mg) were incubated with 1 mM GrM or GrM-SA for 1 h at 371C. Samples were precipitated, solubilized, labeled, rehydrated into immobilized pH gradient strips, and isoelectrically focused. Strips were reduced and overlaid on a 12% SDS-PAGE gel. Images were acquired on a Typhoon 9410 scanner (GE Healthcare). Each condition was performed at least five times and a dye swab was included to exclude preferentially labeled proteins from the analysis. Relative quantification of matched gel features was performed using the Decyder DIA and BVA software (GE Healthcare). For inter-gel analyses, the internal standard method was used.
GrM cleavage assay in living HFFs. HFFs (2 Â 10 4 ) were seeded in 96-well plates, washed twice with serum-free DMEM, and incubated with the perforin-analog SLO (Aalto Bio Reagents, Dublin, Ireland) and purified granzyme in a final volume of 30 ml for 30 min at 371C. Then, supernatant was removed and cells were cultured in 100 ml DMEM containing 10% fetal calf serum for 16 h. For analyzing caspase activation and cell death, HFFs were treated with zVAD-fmk (100 mM) or vehicle only (DMSO) for 30 min at 371C before granzyme treatment, and zVAD-fmk (100 mM) or DMSO was added after granzyme treatment. Cells were washed two times with PBS and directly lysed in reducing sample buffer (50 ml) before immunoblotting. To measure GrM-mediated cell death, cells were trypsinized, harvested, and washed twice with PBS. Cells were pelleted and stained with annexin-V-FLUOS (Roche) and PI in 100 ml annexin-V binding buffer (140 mM NaCl, 4 mM KCl, 0.75 mM MgCl 2 , 1.5 mM CaCl 2 , and 10 mM Hepes (pH 7.4)) for 15 min at room temperature, after which 500 ml annexin-V binding buffer was added. Fluorescence was measured by FACS on a FACS Calibur (BD Biosciences) and data were analyzed with CellQuest Pro Software (BD Biosciences).
shRNA-mediated knockdown of hnRNP K protein expression. Lentiviral particles were produced using third-generation lentivirus vectors. HEK293T cells were transfected with pCMV-VSV-G, pMDLg-RRE, pRSV-REV (kind gifts from Dr. EJHJ Wiertz, University Medical Center, Utrecht, The Netherlands) and hnRNP K shRNA plasmid (sc-38282-SH; Santa Cruz Biotechnology) or control shRNA plasmid (sc-108060; Santa Cruz Biotechnology) using polyethylenimine (PEI; Polysciences Inc., Warrington, PA, USA) in a 3 : 1 ratio with total DNA. Supernatant with viral particles was harvested at 48 and 72 h.p.i., filtered (0.45 mm), and stored at À 801C. HFFs were pretreated with polybrene (10 mg/ml) for 20 min and transduced four times for 2 h.
HCMV infection model. HFFs (2 Â 10 4 ) were seeded in 96-well plates and infected with purified HCMV at a multiplicity of 1.0 plaque-forming unit per cell for 2 h at 371C. Cells were washed three times and cultured in 100 ml medium. For analysis of protein levels, cells were washed two times with PBS and directly lysed in reducing sample buffer before immunoblotting. To measure viral load by quantitative PCR, supernatant was collected at the indicated time points and HCMV was inactivated for 30 min at 601C. Cell viability was measured using a WST-1 assay (Roche) according to the manufacturer's protocol. mRNA isolation, reverse transcriptase PCR, and quantitative PCR. For direct mRNA isolation, cells were lysed (100 mM Tris (pH 7.5), 500 mM LiCl, 10 mM EDTA, 5 mM EDTA, 1% SDS) and treated with proteinase K for 1 h at 561C. For mRNA isolation after hnRNP K immunoprecipitation, cells were lysed (100 mM Tris (pH 7.5), 500 mM LiCl, 10 mM EDTA, 5 mM EDTA, 1% Triton X-100, supplemented with a protease cocktail inhibitor from Roche) and incubated with purified His-tagged hnRNP K or His-tagged b-tubulin overnight at 41C. His-tagged proteins were immunoprecipitated using Talon metal ion chelate affinity chromatography (Clontech) and beads were washed five times, followed by proteinase K treatment for 1 h at 561C. To isolate mRNA, samples were incubated with Oligo(dT) Dynabeads (Life Technologies) for 10 min and beads were washed twice with 10 mM Tris (pH 7.5), 150 mM LiCl, 1 mM EDTA, 0.1% SDS, and twice with 10 mM Tris (pH 7.5), 150 mM LiCl, and 1 mM EDTA. The mRNA was eluted in Milli-Q water by incubating 2 min at 801C and used as a template for reverse transcriptase PCR (RT-PCR) with SuperScript III First-Strand Synthesis System for RT-PCR (Life Technologies). Amplification of cDNA was performed using quantitative PCR (LightCycler 480 II; Roche). Primers and probes against UL123 (IE1), UL122 (IE2), and UL54 are listed in Table 1 . Taqman gene expression assay for GAPDH was purchased from Life Technologies.
To measure viral replication, supernatants from HCMV-infected HFFs or samples for the standard curve were diluted 50-fold in water and amplification of HCMV DNA was performed using quantitative PCR (ABI Prism 7900 HT; Applied Biosystem). Primers and probes were located in the HCMV DNA polymerase gene UL54 (Table 1) . The viral load of supernatants was determined by plotting Cq-values on the standard curve.
Immunofluoresence. HFFs were grown in white 96-well flat-bottom plates. Cells were infected with purified HCMV at a multiplicity of 2.0 plaque-forming units per cell for 2 h at 371C. Cells were washed three times and cultured in 100 ml medium. At different time points, cells were fixed in 100 ml 4% paraformaldehyde for 30 min at 371C, washed three times with PBS, and stored in PBS at 41C. For protein detection, fixed cells were incubated with anti-hnRNP K for 1 h, followed by Alexa Fluor 488-conjugated secondary antibody for 1 h. DAPI was used for nuclear counterstaining and fluorescence was analyzed using a Leica DMI4000 B (Leica Microsystems, Wetzlar, Germany).
Dual luciferase reporter assay. HeLa cells were seeded in 12-well plates and transfected with 50 ng of pGL3-SV40 (Life Technologies), 10 ng of pRL-CMV (Life Technologies), complemented with pCGN-71, pSG5-His-hnRNP K, or pcDNA3.1 þ to a total of 1 mg DNA. The pp71 protein activates the CMV promoter (MIEP) but does not activate the SV40 promotor and is used as a positive control.
42 SV40-firefly was used as a correction for transfection efficiency to allow adequate comparison between samples. After 48 h, cells were washed twice with PBS, freeze-thawed once at À 801C, and lysed with 200 ml passive lysis buffer (Promega, Madison, WI, USA). Supernatant was collected and used for immunoblot analysis with an anti-6 Â His or anti-pp71 antibody and to determine both Renilla and firefly luciferase activities using the Dual-GLO Luciferase Assay System (Promega) in a Veritas Microplate Luminometer (Turner Biosystems, Sunnyvale, CA, USA) according to the manufacturer's protocol (Promega). Both luciferase activities were normalized for background values. Then, changes in CMV-Renilla luciferase activities relative to SV40-firefly luciferase activities (i.e., Renilla luciferase/firefly luciferase ratio) were determined. The mean Renilla luciferase activity from control (pcDNA 3.1 þ )-transfected cells was set at 1.
